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o ■ 

' The Sunyaev-Zel'dovich effect (SZE) provides a powerful tool for cosmological studies. 

^Nj , Through recent advances in instrumentation and observational techniques it is now possi- 

}_( ■ ble to obtain high quality measurements of the effect toward galaxy clusters. The analysis of 

' the SZE toward a few tens of clusters has already led to interesting constraints on the Hubble 

, constant and the mass density of the universe. In the near future, instruments exploiting the 

' redshift independence of the SZE will be used to conduct deep surveys for galaxy clusters 

OO ' providing detailed information on the growth of large scale structure, tests of cosmological 
models and tight constraints on the cosmological parameters that describe our universe. In 

' this review we provide an overview of the SZE and its use for cosmological studies. We 

" kJ \ summarize the current state of observations and the constraints on cosmological parameters 

I already obtained and we discuss the power of using the SZE for future deep cluster surveys. 

OO : 
^ ■ 

' 1 Introduction 

o : 
^ . 

. The Sunyaev-Zel'dovich Effect (SZE) provides a unique and powerful observational tool for 

\ cosmology. It is particularly useful for determining cosmological parameters when combined 

Q^' with other observational diagnostics of clusters of galaxies such as X-ray emission from the 

Q . intracluster gas, weak and strong lensing by the cluster potential, and optical galaxy velocity 

pj \ dispersion measurements. For example, cluster distances can be determined from the analysis 

^ ' of SZE and X-ray data, leading to an estimate of the Hubble constant and eventually the 

. deceleration parameter. The baryonic and total masses of clusters can be measured directly, 

. ^ \ allowing an estimate of the ratio of the baryonic to total matter density of the universe. 

^ ' All of the measurements provide insights into the structure of galaxy clusters themselves. 

■ Furthermore, many of the cluster properties derived directly from a given observation, or from 

a combination of observations, can be determined in several different ways. For example, the 
gas mass fraction can be determined by various combinations of SZE, X-ray, and lensing ob- 
servations. The electron temperature, a direct measure of a cluster's mass, can be measured 
directly through X-ray spectroscopy, or determined through the analysis of various combinations 
of X-ray, SZE, and lensing observations. Many of the desired properties of clusters are therefore 
over-constrained by observation, allowing a deeper understanding of clusters and critical tests 
of current models for the formation and evolution of galaxy clusters. 

Perhaps the most unique and powerful cosmological tool provided by the exploitation of the 
SZE is the possibility to conduct deep large scale surveys for galaxy clusters. SZE observations 
are particularly well suited for deep surveys because the detection threshold for such a survey 
depends on the mass of the cluster and is independent of distance. SZE surveys will he able to 
detect all clusters above a mass limit independent of the redshift of the clusters. This remarkable 
property of SZE surveys is due to the fact that the SZE is a distortion of the CMB spectrum. 
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While the CMB suffers cosmological dimming with redshift, the ratio of the SZE to the CMB 
does not; it is a direct, redshift independent measurement of the intracluster medium (ICM) 
column density weighted by temperature, i.e., the pressure integrated along the line of sight. 
The total SZE flux detected will be proportional to the total temperature-weighted mass (total 
integrated pressure) and inversely proportional to the square of the angular diameter distance. 
Adopting a reasonable cosmology and accounting for the increase in the universal matter density 
with redshift, the mass limit for a given SZE survey flux sensitivity will rise with redshift, level 
off at redshifts approaching one and actually decrease at redshifts greater than one. 

There has been considerable progress recently in detecting and imaging the SZE. Efforts 
over the first two decades after the SZE was first proposed in 1970 lilB yielded only a couple of 
reliable detections. Over the last decade new detectors and observing techniques have allowed 
high quality detections and images of the effect for more than 40 clusters with redshifts as high as 
0.9. Now at the start of the fourth decade we are in position to exploit fully the power of the SZE 
by obtaining detailed images of a set of clusters to understand the ICM, by observing large SZE 
samples of clusters to determine statistically robust estimates of the cosmological parameters, 
and to commence large untargeted SZE surveys to probe the high redshift universe. These 
surveys will provide a direct view of the growth of larEfi, scale structure and allow constraints to 
be placed on the equation of state of the dark energycro 

In this brief review, we first outline the properties of the SZE and its use for cosmological 
studies. Next we provide an overview of the current observational techniques with examples 
of recent results and a summary of observations obtained to date. The constraints that have 
been placed on cosmological parameters are given next. Finally, we discuss the expectations for 
future SZE observations and their role in cosmological studies. 



2 The Sunyaev-Zel'dovich Effect 

The Sunyaev-Zel'dovich effect (SZE) is a small spectral distortion of the cosmic microwave 
background (CMB) caused by the scattering of CMB photons off a distribution of high energy 
electrons. Here we concentrate on the SZE caused by the hot thermal distribution of electrons 
provided by the intracluster medium (ICM) of massive galaxy clusters. The average energy 
exchange in the scattering of a CMB photon off an electron is kBTe/nieC? ■ 

The derivation of the SZE can be found in the original papers of Sunyaev and Zel'dovichpH 
in several rev iewsH 'BS and in a number of more recent contributions which include relativistic 
corrections0'3ll3liil'li3ll3 

The SZE distortion of the CMB spectrum at dimensionless frequency x = ^ — is given 

by 

^^ = f{x,T,)y, (1) 

where y is the Compton y-parameter equal to the optical depth, = ax J Ugdl, times the 
fractional energy gain per scattering 

y = ar [ Ue^^^^di, (2) 

with ax the Thomson cross-section, rig the electron number density, the electron temperature, 
kB the Boltzmann constant, me(? the electron rest mass energy and the integration is along the 
line of sight. 

The spectral distortion as a function of the dimensionless frequency is given by 

f{x, T,) = [x^^ - 4) (1 + 5sze{x, Te)) , (3) 
2 




Figure 1: Spectral distortion of the cosmic microwave background (CMB) radiation due to the 
Sunyaev-Zel'dovich effect (SZE). The left panel shows the intensity and the right panel shows 
the Rayleigh-Jeans brightness temperature. The thick solid line is the thermal SZE and the 
dashed line is the kinetic SZE. For reference the 2.728 K Planck spectrum of the CMBQ (scaled 
by 0.0005) is shown by the dotted line in the left panel; a line at zero is shown in both panels. 
The cluster properties used to calculate the spectra are an electron temperature of 10 keV, a 
Compton y parameter of 10"^ and a peculiar velocity of 500 km s^^. 

where Ssze{x, Tg) is the relativistic correction to the frequency dependence. Note that f{x, Tg) — > 
—2 in the non-relativistic and Rayleigh-Jeans (RJ) limits. 

If the cluster is moving with respect to the CMB rest frame with a component of its velocity, 
Vpec, projected along the line of sight to the cluster, then the observed distortion of the CMB 
spectrum will have a component due to the Doppler effect referred to as the kinetic SZE. In the 
non-relativistic limit, the spectral signature of the kinetic SZE is a purely thermal distortion of 
magnitude 

AT/TcMB = -TeiVpec/c), (4) 

where Vpec is along the line of sight; the emergent spectrum is still described completely by a 
Planck spectrum, but at a slightly different temperature, lower (higher) for positive (negative) 
peculiar velocitieslHlli 

Fig. m illustrates the spectral distortions of the CMB induced by the thermal and kinetic 
SZE of a massive cluster. The left panel shows the change in intensity and the right panel 
shows the change in Rayleigh-Jeans (RJ) brightness temperature. The RJ brightness is shown 
because the sensitivity of a radio telescope is calibrated in these units. It is defined simply by 
lu = {2kBi^'^ /cP)Tjij where is the intensity at frequency u, ks is Boltzmann's constant and c 
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is the speed of light. The Planck spectrum of the CMB radiation is also shown by the dotted 
line (multiplied by 0.0005) for reference. Note that the thermal effect causes a decrement at low 
frequencies {v < 218 GHz) and an increment at high frequencies and is distinguished readily 
from a simple temperature fluctuation of the CMB. The kinetic SZE distortion is shown by the 
dashed curve. In the non-relativistic regime, it is indistinguishable from a CMB temperature 
fluctuation. 

The gas temperatures measured in massive galaxy clusters are around ksTe ~ 10 kevlll'0 
At these temperatures, electron velocities are becoming relativistic and small corrections are re- 
quired to calculate the proper SZE. For a massive cluster with fc^Te/mgC^ ~ 0.02 the relativistic 
corrections to the SZE are of order a few percent in the RJ portion of the spectrum, but can 
be substantial near the null of the thermal effect. Convenient analytical approximations to fifth 
order in /c^Te/meC^ are presented in Itoh et al0 

Relativistic perturbations to the kinetic SZE are due to the Lorentz boost to the electrons 
provided by the bulk velocityEjilSI The leading term is of order {kBT^/me(?){v / c) and for a 10 keV 
cluster moving at 1000 km s~^ the effect is about an 8% correction. The {kBT^/me(?)'^{v / c) 
term is about 1%, and the (v/c)'^ term is only 0.2%. 

3 Cosmology with the Sunyaev-ZePdovich Effect 

The unique aspect of using the SZE for cosmology is that it is simply a measure of the column 
density of electrons weighted by temperature. The total SZE flux of a cluster is also a clean 
measure of the total energy of the cluster. 

The SZE is perhaps best known for enabling an independent determination of the Hubble 
constant as described below. More recently, SZE data has been used to determine cluster gas 
mass fractions which in turn have led to constraints on the universal matter density parameter 
^M- While these applications are of substantial interest, the availability of high quality SZE 
data offers the ability to learn a great deal more about clusters and cosmology. 

Armed with data sets from multiple observables of a clusters, many parameters of interest, 
i.e., masses, gas mass fraction, electron temperature, Hubble constant, gas clumping factor, are 
often over-constrained. This will allow assumptions of the ICM structure to be tested, providing 
a much better understanding of galaxy clusters. In turn, this will lead to improvements in the 
precision with which cluster observations can be used to determine cosmological parameters. 

For example, it is assumed that thermal pressure is the only significant form of support when 
the virial theorem is used to derive cluster masses. There is currently no compelling evidence 
against this assumption. A comparison of masses derived from the virial theorem (using X-ray, 
SZE or galaxvvelocity dispersion data) and gravitational lensing should be able to test this 



azjhi or galaxvvelocity 
assumption0@§00 

As the precision with which we know cosmological parameters increases, the same calcula- 
tions now used to derive the parameters can be turned around to solve for cluster properties. 
For example, the masses and electron temperatures of distant high redshift clusters {z > 0.8) 
were determined directly from SZE observations without access to X-ray datap based on the 
assumption that their gas mass fractions are consistent with the mean gas fr. 
SZE and X-ray spectroscopic data for a sample of 18 high redshift clusters 
determine cluster temperatures and masses from only SZE data without access to X-ray data 
has important consequences for the analysis of deep SZE surveys of the distant universe. 

SZE surveys for distant clusters will provide a powerful new tool for cosmological studies. 
As discussed below, SZE surveys will provide a direct view of the distant universe by finding 
all clusters regardless of redshift; should clusters exist at redshifts much higher than currently 
predicted they will be found by SZE surveys, but missed in even the deepest X-ray observations 
planned. The surveys will provide a large sample of clusters which can be used, for example, to 
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refine the determination of the Hubble constant. A powerful use of SZE surveys will be to place 
tight constraints on Qm and f^A, and for sufficiently large samples, on the equation of state of 
the dark energy from the analysis of the evolution of the number density and mass distribution 
of the survey yields. 



3.1 Distance Determinations, Hubble constant 

Several years after the SZE was first proposedllli it was recognized that the distance to a cluster, 
and therefore the Hubble constant, could be determined with a measure of its SZE and its X-ray 
emissioni'@§i3i'i 

The distance can be determined by exploiting the different density dependencies of the SZE 
and X-ray emissivity. The SZE is proportional to first power of the density: AT ~ / dirieTe, 
where d£ is along the line of sight, is the electron density and Tg is the electron temperature. 
We define d£ = D^dC, to relate Dj^ and an 'angle' along the line of sight to the angle subtended 
by the cluster on the sky. The X-ray emission is proportional to the second power of the density: 
SxO ~ / dln'^Aeu, where Aen is the X-ray cooling function. The angular diameter distance is 
solved for by eliminating the electron density ■[] yielding 

. lf£^.l, (5) 

where these quantities have been evaluated along the line of sight through the center of the 
cluster (subscript 0) and 9c refers to a characteristic scale of the cluster along the line of sight, 
whose exact meaning depends on the density model adopted. 

We need to know (or assume) something about the geometry of the cluster to relate an 
observation of 9^^^^ to the characteristic scale of the cluster along the line of sight, 9c- Typically, 
spherical symmetry is assumed for the cluster geometry since for a large sample of clusters one 
would expect {^6'^'°''*'/0^'^^^ = 1, at least in the absence of selection effects (e.g.,0). A survey 
of a few hundred clusters with redshifts extending beyond one would allow the technique to be 
used to trace the expansion history of the universe, providing a valuable independent check of 
the type la supernova resultsEllEl Such a survey is now observationally well within reach. 

It should be noted that in the SZE determination of the distance to a cluster, it is assumed 

1 /2 

that the clumping factor C = (n^) / (ng), equals unity. The derived Hubble constant will be 
a factor of times larger than the true Hubble constant. 



3.2 Cluster Peculiar Velocities 

The line of sight velocity of a cluster with respect to the CMB rest frame, the peculiar velocity of 
the cluster, can be measured by separating the kinetic from the thermal SZE. From inspection 
of Fig. H, it is clear that this is best done by observation at frequencies near the null of the 
thermal effect at ~ 218 GHz. 

Such measurements offer the ability to measure the peculiar velocity of clusters at high 
redshifts which could be used to constrain large scale gravitational perturbations to the Hubble 
flow. The intrinsic weakness of the effect makes it challenging to observe. Upper limits have 
been placed on the peculiar velocities of clusters^S but a clear detection of the kinetic effect 
has not yet been obtained. The kinetic SZE is a unique and potentially powerful cosmological 
tool as it provides the only known way to measure large scale velocity fields at high redshift. 
As discussed in section contamination by CMB temperature fluctuations as well as other 
sources will make it difficult to determine accurately the peculiar velocity for a given cluster. 



' Similarly, one could eliminate Da in favor of the central density, Ueo 
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It may be possible, however, to determine mean peculiar velocities on extremely large scales by 
averaging over many clusters. 



3.3 Baryon mass fraction of clusters, ^Im, CLnd Tg 

The total SZE flux from a cluster is simply proportional to the gas mass of the cluster weighted 
by the temperature of the gas (/ d^lATszE Mgas (T'e)Z'A~^)- Combined with a measure of 
the total gravitating mass of the cluster, one can estimate the fraction of the mass contained in 
the ICM. The ICM contains most of the baryons confined to the cluster potential with rouffhlv 
an order of magnitude more baryonic mass than that observed in the galaxies themselvesEjo 
The gas mass fraction is therefore a reasonable estimate of the baryonic mass fraction of the 
cluster. Furthermore, it is not believed that segregation between baryonic and non-baryonic 
mass occurs on the scales from which massive clusters condense ~ 1000 Mpc^, although a small 
fraction of baryons (~15%) are likely lost during the cluster formation processEl The baryonic 
mass fraction of clusters therefore should reflect the universal mass fraction of baryons to total 
matter, 0,b/^m where ft = p/pc and pc is the critical density of the universe. 

With knowledge of O^, the measured gas mass fraction of a cluster of galaxies leads to an 
estimate of the universa l rn a. t ter density, m ■ Recent reanalysis of BBN predictions with careful 
uncertainty propagationEllEa along with recent D/H measurements in Lya cloudsE^'c^ constrain 
the baryon density to be fis/ifoo = 0.019 ±0.0012 at 68% confidence. An additional independent 
determination of ri^/i^ will soon be provided by precision measurements of the intrinsic CMB 
anisotropy angular power spectrum. 

The gas mass is measured directly by observations of the SZE provided the electron temper- 
ature is known. The total gravitating mass can be determined through hydrostatic equilibrium 
with knowledge of the distribution of the gas and, again, knowledge of the electron temperature. 
The SZE derived gas mass fraction will therefore be proportional to ATsze/T^. Alternatively, 
the total gravitating mass can be determined from measurement of strong lensing (on small 
scales) or from weak lensing (on large scales). 

A comparison of SZE derived gas mass and lensing total gravitating mass is particularly 
interesting as both are measures of the projected mass distribution. It has been shown that the 
gas mass fraction can be determined from the analysis of SZE and lensing measurements without 
need to parameterize the ICM distributionEl Furthermore, by comparing this mass fraction with 
one derived using the virial theorem, it is possible to solve for the ICM electron temperatureeil 
Cluster gas mass fractions can also be determined from cluster X-ray emission in the same 
manner as from SZE measurements. There are several important differences, however. First the 
X-ray emission, being proportional to the ICM density squared, is more susceptible to clumping 
of the gas, C. The X-ray derived gas mass is essentially insensitive to the electron temperature, 
while the SZE derived gas mass is proportional to l/Tg. 

Currently, X-ray data for low redshift clusters is of exceptional quality, far surpassing 
SZE da ta. X-ray based gas mass fractions have been measured to cluster radii of 1 Mpc or 



more@@@'ii0 In an X-ray flux-limited sample of 45 clustersp^ the mean cluster gas mass 
fraction within approximately the virial radius was found to be (0.0749 ±0.0005)/iio({ . The 
quality of SZE images is improving quickly as discussed in section ^, and already the SZE and 
X-ray data for high redshift clusters are of comparable quality (see Sec. Q). 



3.4 Cosmology with SZE Surveys 

Perhaps the most powerful use of the SZE for cosmology will be to probe the high redshift 
universe. Sensitive, non-targeted surveys of large regions of the sky for the SZE will provide an 
accurate inventory of clusters independent of their redshift. 
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Figure 2: Left: Mass limits as a function of redshift for a typical wide-field type of survey 
(sensitivity limit of ^ 15 mJy at 30 GHz) and for a typical deep survey (~ 0.5 mJy). The 
approximate XMM serendipitous survey limit is also shown. Right: Differential (top) and 
cumulative (bottom) counts per square degree as a function of redshift for two SZE surveys 
shown at left, assuming a ACDM cosmologyp 



The evolution of the abundance of galaxy clusters is a sensitive probe of cosmology. Mea- 
surements of the clusters masses and uiiniher density as a function of redshift can be used to 
constrain the matter density, r2Mpilc3'E3'Q and, for sufficiently large samples, the equation of the 
state of the dark energyi X-ray surveys have already been used to constrain Qm, but they have 
been limited by sample size and their reduced sensitivity to high redshift clusters. SZE surveys 
offer the attractive feature of probing the cluster abundance at high redshift as easily as the 
local universe. 

The sensitivity of a SZE survey is essentially a redshift independent mass limit (see Fig. 0) 
The integrated SZE for a cluster is proportional the temperature weighted mass of the cluster 
and inversely to the square of the angular diameter distance, ATszE oc (T^) Myiriai/ D\. At 
low redshift the mass detection threshold of a SZE survey increases with D\. At high redshift, 
z ~ 1, the mass threshold flattens and even begins to decrease. This is due to two effects: 1) 
Da{z) begins to flatten and 2) for a given virial mass, Myi^iau high redshift clusters will be 
denser and hotter (due to the increase in the matter density) leading to a stronger SZE flux. 

SZE surveys can be broadly grouped into two types of surveys: large area, relatively shallow 
surveys, similar to what can be expected with the Planck Surveyor Satellite, or relatively small, 
deep surveys, such as those expected with upcoming ground-based efforts. In Fig. |^ we show 
the approximate expected limiting mass for the two types of surveys, assuming a simple limit 
on the integrated flux density of 15 mJy at 30 GHz as expected for Planck and 0.5 mJy for 
deep ground-based surveys. We use 30 GHz as an arbitrary normalizing frequency; to convert 
to integrated Compton y-parameter use S'so = 12.7{y /arcm?) Jy. As^ comparison, we have also 
shown an approximate mass limit for an XMM serendipitous surveyPI assuming a simple X-ray 
flux limit. A deep SZE survey will be able to probe somewhat lower masses at redshifts past 
z ~ 1, which promises to be a very interesting regime. 
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Figure 3: A simulation of the constraints in the Qm~^a plane which should be possible from 
the analysis of a SZE survey covering 12 square degrees in which all clusters above 10^^/ij~QQ Mq 
are detected. The input cosmology is ^Im = 0.3 and Q\ = 0.7. The blue region corresponds 
to the 68% confidence region, red to 95%. The value of ug has been marginalized over rather 
than kept fixed. The diagonal ellipses are the current constraints based on the analyses of type 
la supernovae at 68% and 95% confidence The diagonal liiM^ J^m + ^^A = 1 is for a flat 
universe as suggested by recent CMB anisotropy measurementsE3'E3'E3 



In the right panels of the Fig. ^, we show the expected counts per square degree for a ACDM 
model (r^m = 0.3, = 0.7, h = 0.65, cig = 1). A deep SZE survey can expect to find roughly 
one cluster per square degree with z > 1.5. On the other hand, even though a shallow survey 
has a relatively high mass limit, a survey that covers half the sky would find roughly 10000 
clusters, many of which would be be near enough to appear in the Sloan Digital Sky survey. 

There are many possible uses of a cluster catalog extending to high redshift with a simple 
selection function. An important use would be to use the cluster abundance and its redshift 
evolution as a strong test of cosmological parameters § and the structure formation paradigm in 
general. In Fig. |3| we show the expected constraints in the Qm^^a plane based on the analysis 
of a hypothetical deep SZE survey EH covering 12 square degrees in which all clusters above 
10^^/ij~QQ Mq are detected and for which redshifts are known. The input cosmology is Qm = 0.3 
and Oa = 0.7. The blue region corresponds to the 68% confidence region, red to 95%. The value 
of £78 has been marginalized over rather than kept fixed. Obtaining redshifts for the clusters 
found in such a survey would be greatly facilitated by coordinating the selection of the SZE 
fields with those of deep optical surveys. Redshifts would then be available for all clusters with 
z ^ 1. Deep follow-up optical and infrared observations could then be targeted at the resulting 
list of high redshift clusters. 

Another use of the resulting catalog is to probe the redshift evolution of the intracluster 
medium, perhaps seeing the effects of feedback from galaxy formationil out to z ~ 2. In fact, 
so little is currently known about relatively low-mass clusters at high redshift that it is difficult 
to predict the most important uses of such a catalog. 
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4 Observations of the Sunyaev-Zel'dovich Effect 



In the twenty years fohowing the first papers by Sunyaev and ^I'dovich 01 there were few 
firm detections of the SZE despite a considerable amount of effortE3 Over the last several years, 
however, observations of the effect have progressed from low signal to noise detections and upper 
limits to high confidence detections and detailed images. In this section we briefly review the 
state of SZE observations. The constraints on the cosmological parameters that have already 
been determined by existing SZE observations are discussed in the next section. 

The dramatic increase in the quality of the observations is due to improvements both in low- 
noise detection systems and in observing techniques, usually using specialized instrumentation to 
carefully control the systematics that often prevent one from obtaining the required sensitivity. 
Such systematics include, for example, the spatial and temporal variations in the emission 
from the atmosphere and the surrounding ground, as well as gain instabilities inherent to the 
detector system used. To appreciate the importance of controlling these systematics, consider 
the theoretical sensitivity of a modestly sensitive radio receiver with a noise temperature || of 
100 K and a detector bandwidth of 1 GHz; it would be 2>mKs~^^'^ . Such a system should secure 
a detection of the SZE for a massive cluster within an hour or so. However, observations with far 
more sensitivity have failed to detect the SZE even after many hours of integration. Detector 
systems today typically have sensitivities around ImiCs"^/^. Clearly, the goal of all modern 
SZE instruments is control of systematics. 

The observations must be conducted on the appropriate angular scales. Galaxy clusters are 
large objects with a characteristic scale size of order a Mpc. In any reasonable cosmology, a Mpc 
subtends an arcminute or more at any redshift; low redshift clusters will subtend a much larger 



angle, for example 
(core radius ~ 10'). 



le angular extent of the Coma cluster {z = 0.0235) is of order a degree 
3 The detection of extended low surface brightness objects requires precise 
differential measurements made toward widely separated directions on the sky. On these large 
angular scales, offsets due to differential ground pick-up and atmospheric variations are difficult 
to control. 



4-1 Sources of astronomical contamination and confusion 

In designing an instrument for SZE observations, one needs to take into account several sources of 
possible contamination and confusion from astronomical sources. One such source is anisotropy 
of the CMB itself. For distant clusters with angular extents of a few arcminutes it i s not a 
problem as the CMB anisotropy has been shown to be damped considerably on these scalesE3E!]L3 
For nearby clusters, or for searches for distant clusters using large beams of order 10' or more, 
the intrinsic CMB anisotropy must be considered. The unique spectral behavior of the thermal 
SZE can be used to separate it from the intrinsic CMB in these cases. Note, however, that for 
such cases it will not be possible to separate the kinetic SZE effects from the intrinsic CMB 
anisotropy without relying on the very small spectral distortions of the kinetic SZE due to 
relativistic effects. 

Historically, the major source of contamination in the measurement of the SZE has been 
radio point sources. It is obvious that emission from point sources located along the line of the 
sight to the cluster could fill in the SZE decrement, leading to an underestimate. The radio point 
sources are variable and therefore must be monitored. Radio emission from the cluster member 
galaxies, often from the central CD galaxy, is often the largest source of radio point source 
contamination, at least at high radio frequenciesH The flux, S^,^ of a radio source typically has 
a spectral index of a ~ 0.7 for Sy = v~°' . In the RJ limit, the SZE flux is proportional to v"^ 



^the required input power expressed in temperature units that would result in the same measured output noise 
power of an equivalent but noiseless system 
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and therefore point sources are much less of an issue at higher radio frequencies. 

While it is most likely that insufficient attention to radio point sources would lead to the 
underestimate of the SZE effect, it could also lead to an overestimate. The most obvious example 
is if unaccounted point sources are in the reference fields surrounding the cluster. An effect due 
to gravitational lensing has also been pointed out for low frequency observations where the flux 
from many point sources must be taken into account before a reliable measure of the SZE can 
be made. Essentially, the added efficiency of detecting point sources toward the centerof the 
cluster due to gravitational lensing could lead to an overestimate of the SZE decrementtJ This 
effect should be negligible at frequencies greater than roughly 30 GHz. 

At frequencies near the null of the thermal SZE and higher, dust emission from extragalactic 
sources as well as dust emission from our own galaxy must be considered. Over the frequencies 
of interest, dust emission rises steeply as i/^"^^, where is the scaling of the dust opacity with 
1 < /3 < 2. Consider the dusty extragalactic soiuxes that have been found toward massive 
galaxy clusters with the SCUBA bolometer arrayS Sources with 350 GHz (850 fim) fluxes 
greater than 8 mJy are common and all clusters surveyed had multiple sources with fluxes 
greater than 5 mJy. A 10 mJy source at 350 GHz corresponds to a contaminant of the CMB of 
magnitude ATcmb = 345 /iK for 1' beam, or a Compton y-parameter of 6 x 10^^. The same 
source scaled to 270 GHz, assuming a dust opacity law of z^^'^, leads to ATcmb = 95 i^K for 
a l' beam and a y-parameter of 4 x 10~^. Scaling to the SZE thermal null at 218 GHz gives 5 
mJy which corresponds to a ATqmb = 41 /xK for a 1' beam. This in turn translates directly to 
an uncertainty in a measurement of the cluster peculiar velocity (Eq. for a massive cluster 
with an optical depth of 0.01 (y-parameter of 2 x 10"'^ and an electron temperature of 10 keV), 
41 /xK corresponds to a peculiar velocity of 450 km s^^. The contamination is more severe for 
less massive clusters with the dependence scaling as Avpec oc oc /M oc M~^/^ oc Te ^^'^ . 

As with SZE observations in the radio, high frequency observations also need to consider the 
effects of point sources and require either high dynamic angular range, large spectral coverage, 
or both, to separate the point source emission from the SZE. 

4-2 Single Dish Observations 
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Figure 4: A measure men t of the SZE profile across the cluster CL 0016+16 obtained with the 
OVRO 40 m telescopeBt3. The observed profile provided confidence in the reliability of this 
early detection. 

The first measurements of the SZE were made with single dish radio telescopes at cm wave- 
lengths. Advances in detector technology made these measurements possible, although early 
observations appear to have been plagued by systematic errors which led to irreproducible and 
inconsistent results. Eventually, successful detections were obtained, although the reported 
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Figure 5: The drift scans of the two detector rows of the SuZIE instrument superimposed on 
the X-ray surface brightness contours for Abeh 2163. The two sets of scans, white and grey, 
correspond to two sets of measurements that differed only in the position at which the drift scan 
started 



results show considerable scatter reflecting the difficulty of these measurements. During this 
period, the pioneering work of Birkinshaw and collaborators with the OVRO 40 meter telesc 
stands out for its production of results which served to build confidence in the technique!; 
One of the firstrneasurements of the profile of the SZE decrement across a galaxy cluster is 
shown in Fig. |^e3'E3'E3 

All observations sensitive enough to observe the SZE are differential. The primary issue for 
single dish observations is how to switch the beam on the sky without introducing systematics 
comparable to the SZE. This beam switching can be accomplished in several ways, including 
but not limited to Dicke switching between feeds and chopping mirrors which switch or sweep 
the beam on the sky. With a single dish telescope, modulation of the beam sidelobes can lead 
to an offset. This offset can be removed if it remains stable enough that it can be measured 
on a portion of the sky without the cluster. However, as a source is tracked over the course 
of an evening, temperature variations of the optics and features on the ground can cause the 
offset to change. Therefore, it has become common practice to observe leading and trailing 
fields with the same position with respect to the ground as for the cluster observation. In this 
way, any constant or linear drift in offset can be removed at the price of observing efficiency 
and sensitivity. This technique has been used successfully with the OVRO 5 meter telescoufi^at 
32 GHz to produce reliable detections of the SZE in several intermediate redshift clustersE3'E3 
The SEST 30 meter and IRAM 15 meter telescopes have been used with bolometric detectors at 
140 GHZ and chopping mirrors to make significant detections of the SZE in several clustersElS 
In the Sunyaev-Zel'dovich Infrared Experiment (SuZIE) on the CSO submillimeter telescope, 
pixels in the six element 142 GHz bolometer array are electronically differenced by reading them 
out in a differential bridge circuitlZj Differencing in this way makes the experiment insensitive to 
temperature and amplifier gain fluctuations that produce 1 /f noise. This increased low frequency 
stability allows SuZIE to observe in a drift scanning mode where the telescope is fixed and the 
rotation of the earth moves the beams across the sky. Using this drift scanning technique, the 
SuZIE experiment has produced high signal to noise strip maps of the SZE emission in several 
clustersHO An example of a SuZIE scan pattern and strip map are shown in Fig. ^ and Fig. |6|, 
respectively. 

Because of the high sensitivity of bolometric detectors at millimeter wavelengths, single 
dish experiments are ideally suited for the measurement of the SZE spectrum. By observing at 
several millimeter frequencies these instruments are able to separate the thermal and kinetic SZE 
from atmospheric fluctuations and sources of astrophysical confusion. One of the first steps to 
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Figure 6: Coadded SuZIE drift scans across the X-ray center of Abell 2163, 2'10" to the South, 
and on a patch of sky believed to be free of sources. The line is the predicted SZE differential 
signal calciilated from the X-ray data assuming isothermal ICM gas, which has been scaled to 
fit the dataizi 

realizing this goal is the measurement of the SZE as an increment. So far, there have been only a 
few low signal to noise detections at a frequency of approximately 270 GHz. The main reason for 
the lack of detection is the increased opacity of the atmosphere at higher frequencies, and these 
measurements typically require the lowest opacity and most stable atmosphere. Holzapfel et 
al. (1997)0 report a detectipn of A2163 with the SuZIE instrument at 270 GHz. Observations 
by Andreani et al. (1996) E3 claim detections of the SZE increment in two clusters, although 
observations of third cluster appear to be contaminated by foreground sources or systematic 
errorsO 

Single dish observations of the SZE are just beginning to reach their potential and the 
future is promising. The development of large format millimeter wavelength bolometer arrays 
will increase the mapping speed of current SZE experiments by orders of magnitud e. Th e first 
of this new generation of instruments is the BOLOCAM 151 element bolometer arrayll^CH which 
has just completed a engineering run at the CSO and will begin observations in May 2001. 
BOLOCAM will observe in drift scanning mode and produce differences between bolometer 
signals in software. To the extent that atmospheric fluctuations are common across the array, it 
will be possible to realize the intrinsic sensitivity of the detectors. Operating from astronomical 
sites with stable atmospheres and low precipitable water vapor, future large format bolometer 
arrays have the potential to produce high signal to noise SZE images and search for distant SZE 
clusters with unprecedented speed. 
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Figure 7: Ryle Telescope (RT) images (contours) superposed on ROSAT PSPC images 
(greyscale) of the SZE effect in two clusters, CL 0016+16 at z=0.54 and Abell 611 at z=0.288. 
A611 has only 1/6 the X-ray luminosity of CL 0016+16. The ellipses show the FWHM of the 
RT synthesized beam, which is strongly elongated in both casestS 



4-3 Interferometric observations 

The stability and spatial filtering inherent to interferometry has been exploited to make high 

quality images of the szEi§iililSSilll3iiil'il'il We first review the basic operating principles 

of an interferometer. 

The 'beam' of a two-element interferometer - all arrays can be thought of as a collection of 
— 1)/2 two-element interferometers - is essentially a cosine corrugation on the sky, analogous 
to a two slit interference pattern and thus provides simultaneous differential measurements. The 
interferometer effectively multiplies the sky brightness at the observing frequency by a cosine, 
integrates the product and outputs the time average amplitude of the product. In practice the 
signal path is split and a 90 degree relative phase shift is inserted into one path so that the 
output of the interferometer is the complex Fourier transform of the sky brightness at a spatial 
frequency given by B/\, where B is the component of the vector connecting the two telescopes 
(the baseline) oriented perpendicular to the source. Of course, a range of baselines are actually 
being used at any one time due to the finite size of the apertures of the individual array elements; 
this simply refiects that the sky has been multiplied by the gain pattern (beam) of the individual 
telescopes or, equivalently, that the Fourier transform measured is the transform of the true sky 
brightness convolved with the transform of the beam of an array element 

The transformed beam is the auto-convolution of the aperture; it is identically zero beyond 
the diameter of the telescopes expressed in wavelengths. The interferometer is therefore only 
sensitive to angular scales (spatial frequencies) near B/X. It is insensitive to gradients in the 
atmospheric emission or other large scale emission features. There are several other features 
which allow an interferometer to achieve extremely low systematics. For example, only signals 
which correlate between array elements will lead to detected signal. For most interferometers, 
this means that the bulk of the sky noise for each element will not lead to signal. Amplifier 
gain instabilities for an interferometer will not lead to large offsets or false detections, although 
if severe they may lead to somewhat noisy signal amplitude. To remove the effects of offsets or 

''the beam here is often referred to as the primary beam, or gain envelope, of the interferometer and sets the 
field of view of the interferometer at ~ X/D where D is the diameter of the telescope. 
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drifts in the electronics as well as the correlation of spurious (non-celestial) sources of noise, the 
phase of the signal received at each telescope is modulated before the correlator and then the 
proper demodulation is applied to the output of the correlator. 

Lastly, the spatial filtering of an interferometer allows the emission from radio point sources 
to be separated from the SZE emission (e.g., see Fig. This is possible because at high angular 
resolution (~ 10") the SZE contributes very little flux. This allows one to use long baselines - 
which give high angular resolution - to detect and monitor the flux of radio point sources while 
using short baselines to measure the SZE. Nearly simultaneous monitoring of the point sources 
is important as they are often time variable. The signal from the point sources is then easily 
removed, if they are not too strong, from the short baseline data which are sensitive to the SZE. 
In practice, the fluxes of the point sources are fitted jointly with the SZE signal. 

For the reasons given above, interferometers offer an ideal way to achieve high brightness 
sensitivity for extended low-surface brightness sources, at least at radio wavelengths. Most 
interferometers, however, were not designed for imaging low-surface brightness sources. Inter- 
ferometers are traditionally built to obtain high angular resolution with large individual elements 
for maximum sensitivity to small scale emission. Galaxy clusters, on the other hand are large ob- 
jects. As a result, special purpose interferometric systems have been built for imaging the SZE. 
All of them have taken advantage of low-noise HEMT amplifiersil to achieve high sensitivitv. 

The first interferometric detectionS of the SZE was obtained with the Ryle Telescope 
It is composed of eight 13 m telescopes located in Cambridge, England operating at 15 GHz with 
East-West configurations. Images of the SZE toward two clusters obtained with the Ryle Tele- 
scope are shown in Fig. 1^; the East- West array configuration of the telescope lead to North-South 
elongated synthesized beams. 

The OVRO and BIMA SZE imaging project SSSiliiiBiS uses 30 GHz (1 cm) low noise 
receivers mounted on the OVRO | or BIMA{| mm-wave arrays in California. A subset of the 35 
images obtained to date from the OVRO and BIMA SZE imaging project is shown in Fig. ^. The 
OVRO and BIMA arrays support two dimensional configurations of the telescopes, including 
extremely short baselines, allowing good synthesized beams for imaging the SZE of clusters at 
declinations greater than ~ — 20 degrees. 

Fig. 1^ also clearly demonstrates the independence of the SZE on redshift. The clusters have 
similar X-ray luminosities, but span a factor of five in redshift. As can be seen, the strength of 
the SZE for each cluster is similar. 

Point sources were removed from a large fraction of the SZE images shown in Figs. and 
|8[ The interferometers image the point sources simultaneously with the SZE by using telescope 
configurations that include a large range of baseline lengths. The point sources are identified in a 
straight forward manner since their detected flux is independent of baseline length. An example 
of the effectiveness of the removal of bright point sources is illustrated in Fig. ^ where we show 
BIMA data of the extremely X-ray luminous cluster RX J1347-1145 at z = 0.45. As shown in 
the right panel, a strong (10.7 mJy) point source is observed toward the center of the cluster. 
The SZE of this cluster has begn the target of single dish observations with the Nobeyama 45 m 
telescope at 21 GHz, 43 GHzp and 150 GHzP with the DIABOLO bolometric system on the 
IRAM 30 m at 140 GHz (2.1 mm) and 250 GHz (1.2 mm) S and with the SCUBA bolometric 
array on the JCMT 15 m telescope at 350 GHzO These observations were not able to account 
for the contaminating flux of the radio point source without adding considerable uncertainty 
to the magnitude and morphology of the SZE. The interferometric observations presented here 
easily separated the point source emission from the SZE. A recent high resolution image made 
with the DIABOLO instrument on the IRAM telescope was also able to distinguish the point 



'An array of six 10.4 m telescopes located in the Owens Valley, CA and operated by Caltech 
^An array of ten 6.1 m mm-wave telescopes located at Hat Creek, California and operated by the Berkeley- 
Illinois-Mary land- Association 
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Figure 8: Deconvolved interferometric SZE images for a sample of galaxy clusters over a large 
redshift range (0.17 < z < 0.89). The contours are multiples of 2a and negative contours are 
shown as solid lines. The FWHM ellipse of the synthesized beam is shown in the lower left 
corner of each panel. The noise level a ranges from 20/xK to 40/iK for the clusters shown. 
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Figure 9: BIMA deconvolved interferometric images of the SZE of galaxy cluster RXJ1347-11 
emphasizing different spatial scales. The FWHM ellipse of the synthesized beam is shown in the 
lower left corner of each panel, (a) Point source subtracted SZE image (contours) overlaid on 
ROSAT X-ray image (false color). The contours are multiples of 185/iK (~ 2a), and negative 
contours are shown as solid lines. A 1500 A half-power radius Gaussian taper was applied 
resulting in a 63" x 80" synthesized beam. The X-ray image is HRI raw counts smoothed 
with a Gaussian with a = 6" and contains roughly 4000 cluster counts, (b) Higher resolution 
point source subtracted SZE image (both contours and false color). A 3000 A half-power radius 
Gaussian taper was applied resulting in a 40" x 50" synthesized beam. The contours are multiples 
of 175/iK (~ lo") (c) Image of the point source made using projected baselines greater than 3000 
A. This map has a synthesized beam of 15" x 24" and a rms of ~ 275 ^Jy beam-i (1200//K) 
sensitivity. The contours are multiples of lOa. 



source emission from the SZEEj 

The Ryle, OVRO, and BIMA SZE observations are insensitive to the angular scales required 
to image low redshift clusters, z < 0.1. Recently, however, the Cosmic Background Imager 
(CBI)t3 has been used to image the SZE in a number of nearby clusters. The CBI is composed 
of thirteen 0.9 m telescopes mounted on a common platform with baselines spanning 1 m to 
6 m. Operating in ten 1 GHz channels spanning 26 - 36 GHz, it is sensitive to angular scales 



spanning 3' to 45'. In Fig. IC we show a CBI image of the SZE toward Abell 401 at redshift 
0.07§ As for single dish observations, data from observations of leading and trailing fields offset 
by 12.5 minutes in Right Ascension have been subtracted from the CBI cluster image to remove 
contamination from ground emission. 

5 Current Status of Cosmological Constraints from SZE measurements 

Current SZE observations are of sufficient quality that already significant constraints on cosmo- 
logical parameters have been obtained. 

5.1 Hubble Constant 



As outlined in section 3.1, by analyzing a measurement of the SZE for a cluster in combination 
with its X-ray properties, one can solve for the angular diameter distance to the cluster. The 
Hubble constant is then easily computed with knowledge of the cluster redshift. 

The beauty of this technique for measuring the Hubble constant is that it is completely 
independent of other techniques, and that it can be used to measure distances at high redshifts. 
While the method depends only on well understood properties of fully ionized plasmas, there 
are several sources of uncertainty in the derivation of the Hubble constant for any particular 
cluster. The largest uncertainty is the assumption that the cluster size along the line of sight 
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Figure 10: An image of the SZE toward Abell 401 obtained with the Cosmic Backgromid Imager. 
The FHMW resolution is 6.3' x 6.3'. The contour levels are at -25, 25, 40, and 80% of the peak 
level of —34,2 mJy ner beam which corresponds to a brightness temperature of 305/iK. The 
noise level is 20;uK.e3 



is comparable to its size in the plane of the sky. For this reason it is desirable to use a large 
survey of clusters to determine Hq- 

The error budget in the determination of the Hubble constant is also particularly sensitive 
to the electron temperature and measured SZE as it depends on the square of these quantities, 
i.e., 

"""'(^ 

where Sx is the X-ray intensity, Eq, |6| also illustrates the sensitivity of the SZE Hubble constant 
determination to the absolute calibration of the X-ray and SZE observations. Currently the best 
absolute calibration of SZE observations is ~ 2,5% at 68% C,L, based on observations of the 
brightness of the planets, usually Mars and JupiterE3e3 This translates into a 5% systematic 
uncertainty shared by nearly all of the SZE measurements made to date. Efforts are now 
underway to reduce this uncertainty to the 1% level (2% in Ho). Uncertainty in the X-ray 
intensity scale also adds another shared uncertainty as nearly all of the reported SZE Hubble 
constant determinations use data from the ROSAT satellite. The accuracy of the ROSAT 
intensity scale is debated, but a reasonable estimate is believed to be ~ 10%. It is hoped 
that the calibration of the Chandra and XMM- Newton X-ray telescopes will greatly reduce this 
uncertainty. 

The current status of SZE determined distances is summarized in Fig. 5.1 along with the 
theoretical Dj^ relation for three different cosmologies assuming Hq = 60 km Mpc^^, It is 
clear that SZE determined distances are beginning to trace the shape of the theoretical angular 
diameter distance relation. Excluding results from the BIMA and OVRO SZE project, there are 
currently 16 SZE determined distances to 14 different clusters for which reasonably high signal 
to noise SZE data and X-ray data exist. We are currently analyzing the subset (17 clusters) of 
the 35 galaxy clusters imaged with OVRO and BIMA SZE system for which good X-ray data 
exists, roughly doubling the number of direct distances to galaxy clusters (10 of which have no 
other SZE determined distance estimates). Preliminary results from 14 of these clusters can be 
found in the article by Reese et al, in this volumeE 
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Figure 11: SZE determined distances versus redshift. Also plotted is the theoretical angular 
diameter distance relation for three different cosmologies, assuming Hn = 60 km Mpc~^ 
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A fit to all the SZE determined distances implies Hq = 63 it 3 km Mpc^ for an Qm = 
0.3 and = 0.7 cosmology, where the uncertainty is the formal statistical uncertainty at 
68% confidence. We caution that the statistical uncertainties are difficult to interpret and the 
systematics are difficult to ascertain because many of these distances share systematics. Though 
the systematics are difficult to determine precisely, they contribute roughly a 30% uncertainty. 
Many of the clusters are at high redshift where the geometry of the universe affects the best fit 
Hubble constant. These 33 distances imply a Hubble constant of Hq = 60 km s^^ Mpc^^ for an 
open = 0.3 universe and Hq = 58 km s~^ Mpc~^ for a flat Qm = ^ cosmology. 

As the quality of SZE and X-ray data improves, it will be possible to employ ICM models 
more sophisticated than the spherical /3-models currently used. Nevertheless, inspection of 
Fig. already provides confidence that a survey of SZE distances consisting of perhaps a few 
hundred clusters with redshifts extending to one and beyond would allow the technique to be 
used to trace the expansion history of the universe, providing a valuable independent check of 
the type la supernova resultsEllil 



5.2 Gas Masses, Baryonic Mass Fractions, and Qm 

As outlined in Sec. |3.3| , the ratio of the gas mass of a cluster to its total gravitational mass 
provides a lower limit to its total baryon fraction. After compensating for the baryons contained 
in the galaxies and those lost during cluster formation, the gas mass fraction should refiect the 
universal baryon fraction 0,b/^m- Therefore a determination of the gas mass fraction combined 
with constraints on leads to an estimate of 0,M-r-Mp^^ we use r^s/ifoo = 0.019 ± 0.002 
determined from observations of D/H in Lya clouds EJ'e3 along with recent reanalysis of big 
bang nucleosynthesis predictions 011 Such an estimate of JIm is still strictly an upper bound, 
as we cannot rule out the possibility of additional reservoirs of baryons in galaxy clusters which 
have yet to be detected. 

Two samples of SZE clusters have been analyzed and the results used tajplace constraints 
on $7 TV/; a sample of four nearby clustersE2l and a sample of 18 distant clustersu3£2l Both analyses 
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Figure 12: The gas mass fraction scaled to rsoo for galaxy clusters derived from OVRO and 
BIMA S unyae V- Z eP dovich effect data as a function of redshift assuming a Ojv/ = 0.3, f^A = 0.7 
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used a spherical isothermal /3-model for the ICM. The nearby sample was observed with the 
Owens Valley 5.5 m telescope at 32 GHz as part of a SZE study of an X-ray flux limited 
sampleE3 In this study, the integrated SZE is used to normalize a model for the gas density 
from published X-ray analyses, and this gas mass is compared to the published total masses 
to determine the gas mass fraction within radii of 1-1.5 /ij~QQ Mpc. For three clusters, A2142, 
A2256 and the Coma cluster, a gas mass fraction of (0.061 ± 0.011)/iJ~qq is found; for the cluster 
Abell 478, a gas mass fraction of (0.16 ± 0.014)/i^qq is reported. 

The high redshift sample of 18 clusters (0.14 < z < 0.83) was observed interferometrically 
at 30 GHz using the OVRO and BIMA SZE imaging systemlHHIH In this study the model for 
the gas density was determined directly by the SZE data; no X-ray imaging data was used. 
X-ray derived emission weighted temperatures were used, however. The gas mass fractions were 
computed from the data at a 1' radius where they are best constrained by the observations. 
Numerical simulations suggest, however, that the gas mass fraction at rsoo (the radius at which 
the enclosed mean densi ty of t he cluster is 500 times the critical density) should reflect the 
universal baryon fractiont23'll23E3 The derived gas niass fractions were therefore extrapolated to 
''soo using scaling relations from cluster simulationsE^ 

The resulting gas mass fractions assuming a = 0.3, = 0.7 cosmology for each cluster 



are shown as a function of redshift in Fig. 12. The uncertainty in the electron temperatures 



contribute the largest component to the error budget. The resulting mean gas mass fractions 
are fg = 0.081^0:°?? h^^^ for Qm = 0.3, Qa = 0.7, fg = OmAt^o'^Z Koo f^M = 0.3, = 0.0 
and fg = 0.068i[j:|][{| /ifoo ^r = 1-0, = 0.0. 

Gas mass fractions derived from X-ray images for a large, homogeneous, nearby sample of 
clusters are presented in Mohr et al. (1999) e3 For a subsample of 28 clusters with Tg > 5 keV, 
they find the mean gas mass fraction within rsoo to be (0.0749 ±0.0021)/i^qq at 90% confidence. 
The gas mass fractions derived from SZE measurements depend differently on the cosmology 
assumed than those derived from X-ray images, and this should be noted when comparing the 
results. Qualitatively, the comparison does not suggest any large systematic offsets. This is 
significant, because a large clumping factor, C =< ^^^—l < rif, >, has been suggested as an 
explanation for the high gas mass fractions in clusters A cluster with clumping factor C 
would only require 1/C as much gas mass to produce the observed emission, and the SZE and 
X-ray gas mass fraction measurements would differ by a factor of ~ C 

The measured gas mass fractions can be used to determine in a self-consistent manner. 
Fig. |l3| shows the value of implied by the measured gas mass fractions assuming a flat 
universe {Qa = ^ — ^m) and h = 0.7 to calculate the angular diameter distance and rsoo scaling 
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Figure 13: Limits on from SZE measured cluster gas fractionsil Upper limit on the total 
matter density, < ^^b/(/b^7o) (full line) and its associated 68% confidence region (dotted 
lines), as a function of cosmology with = 1 — ^m- The intercept between the upper dotted 
line and the dashed line 17 a/ = ^B/ifBhjo) gives the upper limit to 17 a/ at 68% confidence. The 
dot-dashed line shows the total matter density when the baryon fraction includes an estimate of 
the contribution from baryons in galaxies and those lost during cluster formation. The intercept 
of the dot-dashed line and the dashed line gives the best estimate of rijv/ ^ 0.25 assuming a flat 
universe with h = 0.7. 




factor. The upper limit to 0,m and its associated 68% confidence interval is shown as a function 
of ^M- The measured gas mass fractions are consistent with a flat universe and h = 0.7 when 
is less than 0.40, at 68% confidence. For the measurements to be consistent with = 1-0 
in a flat universe, the Hubble constant must be very low, h less than 0.30. 

For a more realistic estimate, an attempt is made to account for the baryon contribution from 
galaxies and those lost during cluster formation. The mass of the cluster galaxies is assumed to 
be a fixed fraction of the cluster gas mass, with the fraction fixed at the value observed in the 
Coma cluster, Mgas = Mg{l + 0.20h%l)^^ The gas in the cluster will be more extended than the 
dark matter and the baryon fraction at rsoo will be a modest underestimate of the true baryon 
fraction /^(rsoo) = 0.85 x (universal) E^l These assumptions lead to fs = (/g(l + 0.2/i'^QQ)/0.85) 
Using this to scale the gas mass fractions derived from the high z cluster sample and assuming 
h = 0.7 and a fiat cosmology, leads to the constraints illustrated in Fig. 13. The best estimate 
of is ~0.25. 



5.3 Cluster Peculiar Velocities 

The kinetic SZE signal from the peculiar velocity of galaxy clusters is very small (< 0.1 mK) 
and difficult to detect. Disentangling the thermal and kinetic SZE's requires multi-frequency 
SZE observations. To date there have been only a few recent attempts to measure the effect. 

The first interestine limits on the peculiar velocity of a galaxy cluster were reported in 
Holzapfel et al. (1997)0 They used SuZIE to observe Abell 2163 {z = 0.201) and Abeh 1689 
{z = 0.181) at 140 GHz (2.1 mm), 218 GHz (1.4 mm) and 270 GHz (1.1 mm). These observations 
include and bracket the null in the thermal SZE spectrum. Using a P model, with the shape 
parameters {9c, /?) from X-ray data, they find Vp = +490lggQ'^ km s~^ for Abell 2163 and 
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Figure 14: Left panel: An image of the SZE effect toward Abell 2163 obtained with the 
BIMA interferometer overlaid on a ROSAT image of the X-ray emission. Right panel: the SZE 
spectrum of Abell 2163 using data from BIMA at 28.5 GHz0 DIABOLO at 140 GHzO (filled 
circle) and SuZIE at 140 GHz, 218 GHz and 270 GHzHf (filled triangles). The best fit thermal 
and kinetic SZE spectra are shown by the dot-dashed line and the dashed lines, respectively, 
with the spectra of the combined effect shown by the solid line. The limits on the Comnton 
y-parameter and the peculiar velocity are yo = 3.65 it 0.40 x 10~^ and Vp = 415l^7g5 ^™ s~^e1@ 



Vp = -|-170lg3Q ^™ ^'^^ Abell 1689, where the uncertainties are at 68% confidence and include 
both statistical and systematic uncertainties. These results are limited by the sensitivity of these 
SZE observations, which are limited by differential atmospheric emission. The SuZIE data for 
Abell 2163 have been reanalyzed with the addition of higher frequency measurements which 
are sensitive to emission from Galactic dust in the direction of the cluster t29 More recently 
LaRoque et al. (2000) " also reanalyzed all of the available data for Abell 2163, including a 
new measurement obtained with the OVRO and BIMA SZE imaging system at 30 GHz (1 cm). 
As shown in Fig. 14, they find the data is well fitted by parameters remarkably similar to the 
original values from Holzapfel et al. with insignificant contamination by Galactic dust emission 
when the SuZIE observing scheme is taken into account. 



6 Summary 

We have reviewed the large amount of progress made in detecting and imaging the SZE over 
the last several years. The SZE has lived up to its initial promise of providing an independent 
estimate of the Hubble constant. It has also been used to estimate the matter density of the 
universe. The full potential of the SZE as a cosmological tool, however, is largely unrealized; the 



SZE is ideally suited for conducting large, deep, surveys for clusters. As discussed in Sec. p. 4 
SZE surveys are particularly powerful since the cluster detection threshold for such a survey is 
the cluster mass and is essentially independent of redshift. 

SZE surveys will provide a direct view of structure formation in the high-redshift universe; 
if clusters exist at redshifts much higher than currently predicted they will be found by the SZE 
survey, but missed in even the deepest X-ray observations planned. 

A deep SZE survey can expect to find roughly one cluster per square degree with z > 1.5. 
The large sample of high redshift clusters found in such a survey can be followed up with X- 
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ray observations and then used to refine SZE Hq estimates and even constrain the deceleration 
parameter, providing a valuable check of the type la supernova results 0@ 

Most importantly, using the data from SZE surveys to determine the evolution of the number 
density and mass distribution of clusters will lead to tight constraints on VLm, and even the 
equation of state for the dark energyP 

Lastly, surveys with fairly high angular resolution (~ 30") will be sensitive to the evolution 
of the intracluster mediump3 perhaps seeing the effects of feedback from galaxy formation out 
to z 2. 



While the present instruments and techniques have led to remarkable progress (see Sees. 4.2 
and |4.3| ), they are much too slow to conduct the large, deep, SZE surveys we envision. In some 
ways, the current instruments are prototypes of the instruments needed to conduct large SZE 
surveys. Due to the success of these instruments, we now have the knowledge to design pow- 
erful SZE survey instruments. Both dedicated interferometric arrays and single dish telescopes 
equipped with large bolometric arrays are likely to conduct deep surveys over tens of square 
degrees in the near future. 

SZE survey machines that are currently being built or awaiting funding include interfero- 
metric arrays (SZA by the OVRO - BIMA SZE imaging group, AMI by the Ryle SZE imaging 
group, AMiBA in Taiwan, and upgrades to CBI and DASI) and bolometric arrays (ACBAR on 
the Viper telescope at the South pole, BOLOCAM on the CSO telescope on Mauna Kea, and 
a large format bolometer array on a ~ 10m telescope located at the South Pole (SPST)). All 
of these instruments will be capable of surveying tens of square degrees, if not much more, per 
year. The interferometers are likely to provide the highest resolution and deepest images, while 
the bolometric arrays are likely to provide the largest sky coverage. Both will be needed to fully 
exploit the power of the SZE as a cosmological tool. 
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